Abstract Emotion and spatial cognitive aspects were assessed in adult and middle-aged rats using the elevated T-maze (ETM) and the Morris water maze (MWM) tasks. Both adult and middle-aged rats were able to acquire inhibitory avoidance behaviour, though the middle-aged subjects showed larger latencies along the trials, including the baseline, which was significantly longer than that showed by adult rats. Further, compared to adult rats, middleaged rats had longer escape latency. In spite of the worse performance in the second session of the spatial cognitive task, the middle-aged rats were able to learn the task and remember the information along the whole probe trial test. Both thalamic serotonin (5-HT) concentration and amygdala serotonergic activity (5-HIAA/5-HT) are significantly correlated, respectively, to escape latency and behavioural extinction in the MWM only for middle-aged rats. A significant correlation between the 5-HIAA/5-HT ratio in the amygdala and behavioural extinction for middle-aged, but not for adult, rats was observed. This result suggests that serotonergic activity in the amygdala may regulate behavioural flexibility in aged animals. In addition, a significant negative correlation was found between hippocampal 5-HIAA/5-HT ratio and the path length at the second training session of the MWM task, although only for adult subjects. This was the only session where a significant difference between the performance of middle-aged and adult rats has occurred. Although the involvement of the hippocampus in learning and memory is well established, the present work shows, for the first time, a correlation between a serotonergic hippocampal parameter and performance of a spatial task, which is lost with ageing.
between changes in serotonergic parameters and memory deficits induced by ageing (Da Silva Costa et al. 2009; Perez-Garcia and Meneses 2008) . Furthermore, Tohda et al. (2009) have reported evidence indicating that there is a common molecular component involved in both anxiety and memory modulation. Therefore, one possibility to be considered is that at least some kinds of cognitive deficits found in aged subjects could be secondary to emotional dysfunction.
The results of a previous study performed in our laboratory have shown that middle-aged rats can succeed in learning a spatial cognitive task, albeit with significantly worse performance than adult animals. In addition, an age-dependent decrease in serotonin metabolite (5-HIAA) levels was observed in the hippocampus and dorsal raphe nucleus of these animals (Oliveira-Silva et al. 2007 ). The behavioural test used to assess the spatial cognitive aspects in that study and in many others (Li et al. 2009; Nakajima et al. 2009; Topic et al. 2005 ) was the Morris water maze (MWM), which is a task that can be considered aversive. One question that can be raised is whether an emotional component could, to some extension, explain the cognitive deficit observed. Thus, in cases of spatial learning and memory studies, it is relevant to include emotional assessment. The elevated T-maze (ETM) is an animal model designed to generate two types of defensive reactions in the same animal, inhibitory avoidance and one-way escape, which have been respectively related to generalised anxiety and panic disorder (Graeff et al. 1993; Pinheiro et al. 2007; Viana et al. 1994) and have been used to assess emotional behaviour.
Central serotonergic systems are thought to be involved in emotional regulation (Cools et al. 2008) , and age-related emotional changes have been associated to this system dysfunction (Li et al. 1995) . There are interconnections between the neocortex and the hippocampus through the thalamus (Bokor et al. 2002) , and these three brain structures are innervated by 5-HTcontaining fibres. Studies with old rats have shown morphological alterations in 5-HT-containing fibres of the prefrontal and frontoparietal cortex, striatum, thalamus, hypothalamus, hippocampus, midbrain and spinal cord (Behan and Brownfield 1999; Meltzer et al. 1998 ). To our knowledge, however, correlations among age-related behavioural changes and alterations in serotonergic parameters in brain regions involved in both emotion and cognition has not yet been investigated. Hence, the purpose of the present study was to investigate (1) emotional and cognitive measures, assessed in the ETM and MWM, respectively; (2) serotonergic parameters measured in prefrontal cortex, amygdala, thalamus and hippocampus; and (3) correlations among the above behavioural and biochemical parameters. Each one of the biochemical parameters (5-HT and 5-HIAA) was measured and the 5-HIAA/5-HT ratio calculated in order to know whether 5-HT synthesis and/or degradation were affected. The 5-HIAA/5HT ratio indicates 5-HT turnover rate and/ or 5-HIAA efflux from the brain.
Materials and methods

Animals and experimental design
Twenty-two male Wistar rats were divided into two groups (n=11, each) aged 3 (adults) and 18 months (middle-aged), respectively. All animals were maintained in groups of four or five per cage under a 12-h light/12-h dark cycle, at a temperature of 25± 1°C, with food and water available ad libitum. Care and use of animals were according to the National Institute of Health Guide for Care and Use of Laboratory Animals. All animals were submitted to ETM and MWM procedures as described below. The animals were killed by decapitation on the first day following the end of behavioural testing. Brain samples were collected, as detailed below, and kept frozen until the day of biochemistry assays.
Behavioural study
Elevated T-maze
Apparatus The ETM was made of wood and had three arms of equal dimensions (50×12 cm). One arm, enclosed by 40-cm high walls, was perpendicular to two opposed open arms. To avoid falls, the open arms were surrounded by a 1-cm high wooden rim. The whole apparatus was elevated 50 cm above the floor.
Procedure Prior to the experimental session, the experimenter gently handled the animal for three consecutive days (5 min per day). One day before the test, the rat was exposed to one of the open arms of the ETM for 30 min. A wooden barrier mounted on the border of the open arm, between the maze's central area and the arm's proximal end, isolated this arm from the rest of the maze. On the test day, the animal was placed at the end of the enclosed arm, and the time taken to withdraw from this arm with four paws was recorded (baseline latency). The same measurement was repeated twice at 60-s intervals (avoidance 1 and avoidance 2). Following avoidance training (60 s), the rat was placed at the end of the open arm, and the time taken to leave the arm with the four paws out of the arm was recorded (escape latency). The escape latency was evaluated in the same arm to which the rat had been previously exposed. During the 60-s intervals between each trial, the animals were placed in the Plexiglas cage. A cutoff time of 300 s was established for avoidance and escape latencies. Adult and middle-aged rats were submitted to a prior exposure to one of the open arms of the ETM, since previously reported results have shown that this procedure decreases the latency of the first escape response, without affecting inhibitory avoidance, and renders the avoidance task more sensitive to drug effects, in particular, chronic treatment with antidepressants (Pinheiro et al. 2007; Teixeira et al. 2000) , probably, because it avoids the interference of novelty.
Morris water maze
Apparatus The apparatus consisted of a 1.80-m diameter fibreglass round pool, filled with water at the depth of 27.5 cm and controlled temperature of 26±2°C. A 15-cm diameter transparent Plexiglas round platform was placed 2 cm below the water surface in the centre of one of the pool quadrants (southeast, southwest, northeast or northwest). In order to avoid visual location of the platform, 60 g of powder milk were dissolved in the water, making it turbid. The pool was placed in a 3×3-m room, with extra-maze cues (e.g. posters, TV and video equipment, table). All sessions were recorded on VHS with a video camera fixed to the ceiling and connected to a computer. The collection of behavioural data was done automatically, through a program of image analysis developed at the Federal University of Minas Gerais.
Procedure Each animal had one daily session for five consecutive days, and each session consisted of four trials. At the start of each trial, animals were put in the pool, facing its wall at each of the four quadrant edges, alternated in a pseudo-random fashion. The platform was located in the southeast quadrant in all sessions. The subject was allowed to swim around the pool until it found the platform. If the animal did not find the platform in 60 s, it was gently guided to it by the experimenter. Once on the platform, the animals were allowed to stay there for 20 s. The latency and the path length for finding the platform were recorded. Swimming speed was used as a parameter to evaluate motility.
Probe trial On the sixth day of the reference memory test, each animal was left in the pool without the platform for 120 s. The average distance from the platform during the first (d1) and the second (d2) minutes of probe trial was measured. An extinction index (EI) was calculated by dividing d2 by d1 (EI= d2/d1). If d2 is larger than d1, EI will be greater than 1, suggesting behavioural extinction, as the rat was more distant from the previous platform location in the second minute than in the first.
Biochemistry study
Biological sample processing
The orbitofrontal cortex, amygdala, hippocampus and thalamus were quickly dissected out from both hemispheres, and 20 mg of tissue were transferred to a Potter tube containing 500 µL of the following ice-cooled solution: 980 µL 0.1 M perchloric acid, 10 µL 0.4 mM sodium metabisulphite and 10 µL 0.1 mM ethylenediaminetetraacetic acid (EDTA). Tissues were then homogenised and centrifuged for 10 min at 5,300×g. Supernatants were kept to −70°C during 7 days, until their analysis. 5-HT and 5-HIAA contents were measured by high-performance liquid chromatography (HPLC). Two hundred microlitres of the supernatants were injected into the HPLC system for analysis. All procedures were done under the temperature of 0-4°C.
Serotonin and 5-hydroxy-indole-acetic acid assay
The HPLC system consisted of a Shimadzu chromatograph (LC-10AD, Tokyo, Japan) with a 200-and 20-μL loop (Rheodyne 7725-I, Cotati, CA, USA) and an electrochemical detector with a glass-carbon electrode (Shimadzu electrochemical detector L-ECD-6A-Tokyo, Japan), coupled to a LC-10 ad PUMP. The system was equipped with a 3-μm particle size (150×4.6 mm, ID) C 18 analytical column (Hibar-Futigsanle RT) and a pre-packed column (RT 250-4 E. Merck, Darmstadt E.R., Germany). An integrator (Shimadzu C-R7Ae plus) was used to analyse the chromatographic data. For a final volume of 500 mL, the mobile phase consisted of 0.199 M citric acid, 0.243 M sodium acetate, 2.95×10 −4 M EDTA and methanol (91:9, v/v) adjusted to pH 4.0. The flow-rate was 1.0 mL/min, while the potential was set at 0.85 V. 5-HT and 5-HIAA concentrations were calculated by interpolation of its respective standard curves. Obtained values are reported in nanogrammes per gramme of tissue. The 5-HIAA/5-HT ratio was used as an index of serotonergic system activity.
Statistical analysis
Two-factor analysis of variance (ANOVA; factors: age and session) with repeated measures on the last element was used to assess the behavioural data (avoidance latency in the ETM and the latency and path length during training in the MWM). When a significant interaction between the two factors was found, the average performances of middle-aged and adult groups were separately compared for each session, using the Student's t test. The other behavioural (escape latency in ETM, probe trial in MWM) and biochemical parameters data were analysed using the Student's t test. Linear regression was used in order to determine the degree to which biochemical and behavioural parameters were correlated. The significant level for all analyses was set at p<0.05.
Results
Behavioural data
Elevated T-maze ANOVA 2 × 3 analysis of the behavioural data obtained in the ETM task showed that there was a significant main effect of time (F (2,40) =4.43, p= 0.018), but neither a significant main effect of age (F (1,20) =3.05, p=0.096) nor a significant interaction between age and time (F (2,20) =0.25, p=0.80). As can be seen in Fig. 1a , animals from both groups, adult and middle-aged, were able to learn the task. There was no difference in the speed of acquisition of inhibitory avoidance. The greater latencies showed by the middle-aged animals could be detected at the beginning (base line) of the training. In Fig. 1b , one can see that the middle-aged animals had a significantly greater escape latency compared to the adult ones (t=2.25, p=0.04).
Morris water maze
Figure 2a, shows middle-aged and adult animals' latencies in the acquisition sessions of the spatial navigation task. ANOVA 2×5 showed significant interaction between age and sessions (F (4,40) =4.64, p=0.0036). A post hoc test indicated a significant difference between the groups at the second training session (t=5.57, p <0.001). Similar results were obtained when the performance of animals was expressed as path length (Fig. 2b) . A significant (F (4,40) =3.98, p=0.0082) interaction between the two factors was found. A post hoc test indicated a significant difference between the groups at the second Fig. 1 Behavioural data obtained in the elevated T-maze task for adult and middle-aged rats. a Acquisition of inhibitory avoidance. b Escape latency. There was no difference in the speed of acquisition of inhibitory avoidance. The middle-aged animals had a significantly greater escape latency compared to the adult ones (t=2.25, p=0.04) training session (t =5.03, p < 0.001). At the last session, there was no significant difference (t=1.25, p=0.23 for latency; t=0.85, p=0.40 for path length) between the groups. There was no significant main effect (age (F (1,10) = 0.34, p = 0.57) and sessions (F (4,40) =1.43, p=0.24)) nor interaction (F (4,40) =1.32, p=0.28) in the swimming speed (Fig. 2c) .
Probe trial and extinction (data not shown) There were no significant differences between the performance of animals from the two groups during the first minute of probe trial (reference memory; t=0.68, p=0.50) and between the averages of EI (t=0.17, p=0.87).
Biochemical data and correlation analysis HT] ratio, respectively. These parameters were measured in four regions of central nervous system, namely, prefrontal cortex, hippocampus, thalamus and amygdala. When the data for 5-HIAA content measured in the amygdala obtained from middle-aged (5-HIAA=800±145 ng/g) and adult (5-HIAA=1003± 245 ng/g) animals are compared, a tendency to a decrease (p=0.055) was found in middle-aged subjects. As for the remaining parameters, no significant differences between middle-aged and adult rats were found. Analyses of regression between behavioural and biochemical parameters were carried out for both middle-aged and adult rats. Scatter-plot diagrams are shown in Fig. 4 , and the following significant correlations were found: (1) panel a: between the thalamus 5-HT content and the escape latency (r= 0.56, p=0.006). When the correlations are calculated separately for middle-aged and adult rats, a significant correlation for middle-aged (r=0.65, p=0.03), but not for adult (r=0.43, p=0.19), rats is found, indicating that the higher thalamic the 5-HT content, the better the performance is for middle-aged rats in avoidance Correlations were calculated separately for the middleaged and adults. Details are described in the "Results" section task; (2) panel b: between [5-HIAA]/[5-HT] ratio in the hippocampus and performance in the second session during the acquisition of spatial navigation task (r=−0.63, p=0.007). Animal performance is expressed as path length, and the longer the path length, the worse the performance. When the correlations are calculated separately for middle-aged and adult rats, a significant correlation for the adult (r=−0.84, p=0.009), but not for the middle-aged (r=−0.25, p=0.51), rats is found, indicating that for adult rats, the higher the hippocampal serotonergic activity, the better the animal's performance is in the beginning of acquisition process; and (3) panel c: between amygdala [5-HIAA]/[5HT] ratio and EI (r=0.40, p=0.010). In this case, when the correlations are calculated separately, a significant correlation for the middle-aged (r=0.77, p=0.04), but not for adults (r=0.41, p=0.31), is found. This indicates that for middle-aged animals, the higher the amygdala serotonergic activity, the better is the behavioural flexibility.
Discussion
The acquisition of inhibitory avoidance in the ETM is expressed by the gradual increase of the latency to leave the closed arm (Graeff et al. 1993; Viana et al. 1994 ). The present results show that both adult and middle-aged rats were able to acquire this behaviour, though the middle-aged subjects showed larger latencies along the trials, including the baseline, which is significantly longer than in adult rats (p= 0.046, one-tailed). Several hypotheses can be raised to explain this result: (1) the occurrence of a motor impairment that could interfere with ambulation, (2) an anxiogenic effect of ageing, and (3) less motivation shown by the middle-aged rats. The first hypothesis seems unlikely, since middle-aged rats showed swimming speed similar to that of adult rats in the MWM. However, one could argue that compared to the ETM, the aversive motivation in the MWM is stronger, given that the animal has to swim to stay alive. Another argument against the first hypothesis is that in a previous study carried out in the same laboratory, comparison between adult and middle-aged groups showed no significant differences in rota-rod performance (Oliveira-Silva et al. 2007 ). However, considering that rota-rod performance depends on motor coordination and equilibrium, dysfunction of other motor functions cannot be discarded. Regarding the second hypothesis, the influence of anxiety can be discarded by the evidence that there was no difference between middle-aged and adult performance in the acquisition of inhibitory avoidance: as shown in Fig. 1a , the slope of the avoidance acquisition line is similar for the two groups. Thus, the third motivational assumption seems to be the most likely, since the longer latency shown by middle-aged rats in the baseline trial can be due to lack of motivation to explore. Indeed, at the baseline, the subjects do not know that there will be an aversive situation ahead and, so, they are exploring a new environment, rather than performing inhibitory avoidance. In agreement, agerelated decline in motivation has been reported (Mattison et al. 2005) and, in particular, there is evidence showing that specific changes in sensory and regulatory systems are likely to result in waning motivation and mood during ageing (Mulligan and Moss 1991) . Nevertheless, further studies are necessary to clarify this question.
The present results with the ETM further show that middle-aged rats had longer escape latency compared to adult ones. Alone, this result would indicate impaired escape, usually interpreted as lessened panic-related fear (Pinheiro et al. 2007 ). However, having in mind that exploratory behaviour is reduced, as indicated by the longer baseline latency in the avoidance task, the most parsimonious explanation is that the longer escape latency shown by middle-aged rats is also due to a general decrease in motivation and/ or motor ability, as previously discussed. Other possibilities to be considered are impairment in defensive behaviour (e.g. escape from a dangerous situation) and/or decreased capacity of assessing risk (e.g. unable to give the right value to environmental threats). Hunt et al. (2009) showed that aged rats are less reactive than younger rats to predator odours due to decreased responsiveness in defence-related but not necessarily olfactory circuits. Another matter to be considered is that impairment in processes responsible for "decision making" and/or "planning" could interfere with escape performance. Recently, Kennedy and Raz (2009) have shown that age-related degeneration in forebrain areas is associated with decreased processing speed and poor working memory. Similarly, Head et al. (2009) have found that age-related change in perseveration is completely accounted for by a decline in processing speed and temporal processing, which are deficits of working memory associated with decreased prefrontal cortical volume. All of that could interfere with the escape response.
Compared to adult rats, middle-aged animals showed different speed of acquisition of a spatial cognitive task. In spite of the worse performance in the second session, the middle-aged rats were able to learn the task and remember the information along the whole probe trial. Regarding behavioural extinction, their performance was also similar to that of adults. The results of the acquisition task are similar to those previously obtained by our group (Oliveira-Silva et al. 2007) , except that in these earlier reported results, middle-aged rats have shown worse memory performance during the probe trial and a lower EI. All serotonergic parameters assessed were not changed by ageing in any of the studied brain area (neocortex, hippocampus, thalamus and amygdala), also not in accordance with the results reported by Oliveira-Silva et al. (2007) , who found an ageing effect on hippocampal 5-HIAA level. One possible explanation for these inconsistencies is the differences in experimental design. For instance, in the present study, the rats were housed in groups of five per cage, whereas in the previous study, there was only one rat per cage. The latter condition of social separation, which is known to affect emotional behaviour as well as the brain metabolism of the 5-HT precursor tryptophan (Miura et al. 2008) , may have influenced the cognitive and biochemical parameters assessed. In further studies, control of social isolation is advisable to clarify this question. Regarding the ageing effect on central serotonergic parameters, it is worth remarking that there are several inconsistencies among the data reported by different research groups (McEntee and Crook 1991; Meltzer et al. 1998; Menezes et al. 2004) .
We have observed a nearly significant trend (p= 0.055) for a significant main effect of age on 5-HIAA concentration in the amygdala, aged animals showing a decrease, compared to adult ones. The amygdala is a limbic structure located in the anterior medial temporal lobe that is known to play a pivotal role in emotional learning and memory (Weike et al. 2005; Yang et al. 2008) . Lee et al. (2001) , measuring 5-HIAA in the neocortex, found similar results for the effect of ageing. These results could be explained by the following factors: (1) increase in active transport of the 5-HIAA out of the brain and/or (2) increase in levels of the cytoplasmic serotonin binding protein (SBP) and/or dysfunction in the mechanism of 5-HT release from SBP, which could lead to a decreased access of 5-HT to the catabolic enzyme monoamine oxidase (MAO), and/or (3) a decreased MAO activity. However, it is known that MAO activity and content increase with ageing in mammalian species (Nicotra et al. 2004) . The first hypothesis is in accordance with the evidence that age increases brain barrier permeability (Bartels et al. 2009 ). Regarding the second hypothesis, as far as we know, there is no published data on the effect of ageing on SBP content and/or function. This protein is related to 5-HT storage or its transport and protection from MAO degradation (Del Rio et al. 1995) . If ageing affects SBP, it could increase cytoplasmic 5-HT. However, no significant change in the level of this neurotransmitter was observed in the middle-aged group, which may indicate activation of a feedback mechanism regulating 5-HT biosynthesis, since no significant difference between adult and middle-aged group in the amygdala 5-HIAA/5-HT ratio was found. Through this putative mechanism, the level of the 5-HT would be adjusted to physiological range in order to maintain neurotransmission effectiveness.
It is interesting to remark that data obtained in the present study indicate that both thalamic 5-HT concentration and amygdala serotonergic activity are significantly correlated to escape latency and EI, respectively, but only for middle-aged rats. In this regard, there is a wealth of reported evidence about the involvement of the serotonergic system in emotional regulation (Cools et al. 2008) . Nevertheless, as far as we know, an association between serotonergic parameters and these specific behavioural parameters has not yet been reported. In addition, a significant correlation between the 5-HIAA/5-HT ratio in the amygdala and behavioural extinction in the MWM for middle-aged, but not for adult, rats was presently observed. This result suggests that serotonergic activity in the amygdala may be associated to behavioural flexibility in aged animal. Maybe some injury caused by ageing could be compensated by a kind of functional adjustment through the serotonergic system to keep extinction performance similar to that of adult subjects. However, the same rationale may not be appropriate for escape latency, which was significantly correlated to thalamic serotonin (5-HT) concentration in middle-aged rats only, since the escape response of these animals was significantly different from that of adult rats. No correlation between 5-HIAA concentration and any measured behavioural parameter was observed. Further studies are necessary to better understand the full meaning of these data.
It is known that both the neocortex and the hippocampus are affected by ageing, and that these brain areas play a pivotal role in memory (Arendt et al. 1989; Pires et al. 2005) . A significant negative correlation was presently found between hippocampal 5-HIAA/5-HT ratio and the path length at the second training session of the MWM task, although only for adult subjects. This was the only session where a significant difference between the performance of middle-aged and adult rats has occurred. This result suggests that the ageing process changes the hippocampal serotonergic system, interfering with its role in regulating specific behavioural processes. In this way, the present result showing that middle-aged rats perform less well than adult ones in the spatial navigation task may be viewed as indicating hippocampal serotonergic system participation in the initial acquisition process.
In short, both adult and middle-aged rats were able to acquire inhibitory avoidance behaviour, though the middle-aged subjects showed longer latencies along the trials, including the baseline. Further, compared to adult rats, middle-aged rats had longer escape latencies. In spite of the worse performance in the second session of the spatial cognitive task, the middle-aged rats were able to learn the task. Both thalamic 5-HT concentration and amygdala 5-HIAA/ 5-HT ratio are correlated, respectively, to escape latency and behavioural extinction in the MWM, but only for middle-aged rats. Furthermore, a correlation between the 5-HIAA/5-HT ratio in the amygdala and behavioural extinction for middle-aged, but not for adult, rats was observed. Hence, the serotonergic activity in the amygdala may regulate behavioural flexibility in aged animals. In addition, a correlation was found between hippocampal 5-HIAA/5-HT ratio and the path length at the second training session of the MWM task only for adult subjects. Therefore, hippocampal serotonergic activity may participate in the performance of spatial tasks. Although the involvement of the hippocampus in learning and memory is well established (Squire 1993 ), the present work shows, for the first time, a correlation between a serotonergic hippocampal parameter and performance of a spatial task, which is lost with ageing.
